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Abstract:  

High-quality Zn1-xCdxS, coaxial Zn0.99-xCdxCu0.01S/ZnS and Zn0.99-xCdxMn0.01S 

nanorods (NRs) were synthesized through a one-step hydrothermal method. The 

composition of the alloyed NRs was adjusted by controlling the Zn/Cd molar ratios. The 

results showed that all of the samples had a good crystallinity with the typical 

hexagonal wurzite structure. The Zn/Cd molar ratios, Cu and Mn doping played an 

important role in affecting the final structure, morphology and optical property of the 

alloyed NRs. The successive shift of the XRD and PL patterns indicated that the NRs 

obtained were not a mixture of ZnS and CdS, but the Zn1-xCdxS solid solution. After 

doping Cu2+ (1%) ions into the Zn1-xCdxS NRs, the samples exhibited a highly 

crystalline coaxial Zn0.99-xCdxCu0.01S/ZnS core-shell NRs and showed a strong green 

emission peak centered at 509.6 nm. After doping Mn2+ (1%) ions into the Zn1-xCdxS 

NRs, the samples exhibited a better crystal quality and showed a strong yellow-orange 

emission peak centered at 583 nm. 
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Introduction 

One-dimensional (1D) semiconductor nanorods (NRs) have been extensively 

investigated because of their proven potential use as the nanoscale building blocks, 

interconnects and functional units in electronic, photonic, optoelectronic and 

electrochemical devices 1-3. Recently, the main effort in preparing 1D semiconductor 

NRs has focused on the well-defined heterostructures such as solid solution (i.e. alloy) 

4, coaxial core-shell 5 and composite nanostructures 6. 1D semiconductor 

heterostructures NRs often exhibit superior or new functional properties compared to 

their individual counterparts. Among the many ID semiconductor nanomaterials, NRs 

of binary II-VI compouds, such as ZnO, ZnS, CdS have been widely studied 7-9. The 

wurtize type ZnS (Eg=3.66 eV) and CdS (Eg=2.49 eV) are important direct band-gap 

semiconductors, which have potential applications in ultraviolet-light-emitting diodes, 

electroluminescent devices, flat-panel displays 10-14 et al. As a typical solid-solution 

semiconductor, the ternary Zn1-xCdxS compounds are important in exploration of the 

continuous tunable optical properties for the desired wavelength through the gradual 

variation of their compositions without changing the nanocrystal size. Particularly for 

the wavelength in the range of 500 and 530 nm, which are interest for the preparation of 

the green LEDs as “must-have” emitters for the next-generation displays and white 

solid-state lightings 15.  

In the past few years, the transition metal ions doped semiconductor NRs were 

investigated intensively since they can not only retain nearly all intrinsic advantages of 

semiconductor NRs but also possess additional advantages such as larger Stokes shift to 

avoid self-absorption/energy transfer, enhanced thermal and chemical stability and 

longer excited state lifetime 16. Along this direction, Mn2+ and Cu2+ doped ZnS (CdS) 

nanocrytals (NCs) are demonstrated as the efficient phosphor because of the blue to 
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orange light emission 17-18. For Mn2+ doped ZnS (CdS) NCs, the emission is restricted 

within the yellow-orange region (580-600 nm) coming from the Mn2+ 4T1−
6A1 transition 

19-21. For Cu2+ doped ZnS (CdS) NCs, a wide range of the blue-green emission through 

the recombination of the electron in the conduction band or defects of the ZnS host and 

the hole in Cu t2 state can be obtained 22-23. In this paper, we firstly report the synthesis 

of the high-quality Zn1-xCdxS, coaxial Zn0.99-xCdxCu0.01S/ZnS, Zn0.99-xCdxMn0.01S NRs 

with superior optical properties by hydrothermal method at 180 °C, and investigate their 

composition dependent structural and optical properties. 

Experimental Section 

Materials. Zinc nitrate, cadmium nitrate, cupric nitrate, manganese nitrate, thiourea 

and ethylenediamine (EN) are all analytical grade (Shanghai Chemical Reagents Co.), 

and used without further purification. 

Preparation of Zn1-xCdxS NRs. In a typical process, 1-x mmol of zinc nitrate and x 

mmol of cadmium nitrate were dissolved in 16 ml EN and water (1:1 in volume ratio). 

After stirring for 1 hour, 3 mmol of thiourea were put into the resulting complex. After 

stirring for 2 hour, the colloid solution was transferred into a 20-ml Teflon-lined 

autoclave and kept at 180 °C for 12 hour. After the reaction, the autoclave was taken out 

and cooled down to room temperature. The product was washed with ethanol and 

deionized water for several times and separated by centrifugation, and then dried at 

80 °C for 1 hour. 

Preparation of Zn0.99-xCdxCu0.01S and Zn0.99-xCdxMn0.01S NRs. In a typical process, 

0.99-x mmol of zinc nitrate, x mmol of cadmium nitrate and 0.01 mmol of cupric 

(manganese) nitrate were dissolved in 16 ml EN and water (1:1 in volume ratio). Then, 

the experiment process was carried out following the above-mentioned methodology. 

Characterization of products. X-ray diffraction (XRD) pattern was collected on a 
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MAC Science MXP-18 X-ray diffractometer using a Cu target radiation source. 

Transmission electron micrographs (TEM) and high-resolution transmission electron 

microscopy (HRTEM) images were taken on JEM-2100 electron microscope equipped 

with an X-ray energy dispersive spectrometer (EDS). The specimen was prepared by 

depositing a drop of the dilute solution of the sample in ethanol on a carbon-coated 

copper grid and drying at room temperature. X-ray photoelectron (XPS) analysis was 

performed on a Vgescalab MK II X-ray photoelectron spectrometer (XPS) using Mg Kα 

radiation (hν = 1253.6 eV) with a resolution of 1.0 eV. The binding energy values 

obtained in the XPS analysis were corrected by referencing the C 1s peak to 284.60 eV. 

EDX microanalysis was performed by field emission scanning electron microscopy 

(FESEM, JSM-6700F). Photoluminescence (PL) measurement was carried out at room 

temperature, using 325 nm as the excitation wavelength, He-Cd Laser as the source of 

excitation.  

Results and Discussion 

Figure 1 show the XRD patterns of the Zn1-xCdxS (Fig. 1a), Zn0.99-xCdxCu0.01S (Fig. 

1b) and Zn0.99-xCdxMn0.01S NCs (Fig. 1c). As seen from Fig. 1 red lines, all the 

diffraction peaks for the Zn0.95Cd0.05S (Fig. 1a red line), Zn0.94Cd0.05Cu0.01S (Fig. 1b red 

line) and Zn0.94Cd0.05Mn0.01S NCs (Fig. 1c red line) can be well indexed as the 

hexagonal wurtzite phase structure, which are consistent with the standard card (JCPDS 

No. 36-1450). It is possible to predict the growth direction by performing comparison of 

the full width at half maximum (FWHM) for different XRD peaks 24. It is noticeable 

that the FWHM value of the (002) diffraction peak at about 28.6° for the Zn0.95Cd0.05S 

(Fig. 1a red line), Zn0.94Cd0.05Cu0.01S (Fig. 1b red line) and Zn0.94Cd0.05Mn0.01S (Fig. 1c 

red line) NCs is smaller than the other peaks, suggesting a preferential growth direction 

along the c-axis, which is further demonstrated below by TEM and HRTEM studies. As 
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the value of x increased, the diffraction peaks are gradually shifted to the lower angles, 

indicating that the lattice constants of the Zn1-xCdxS (Fig. 1a), Zn0.99-xCdxCu0.01S (Fig. 

1b) and Zn0.99-xCdxMn0.01S NCs (Fig. 1c) are increased with the Cd2+ doped-ratio 

increased. The ionic radius of the Cd2+ ions (0.97 Å) is larger than that of the Zn2+ ions 

(0.74 Å). The lattice expansion can be observed if the Cd2+ ions substituted for the Zn2+ 

sites in the ZnS NCs. The successive shifts of the XRD patterns also indicate that the 

crystals obtained are not a mixture of ZnS and CdS, but the Zn1-xCdxS, 

Zn0.99-xCdxCu0.01S and Zn0.99-xCdxMn0.01S solid solution 25. As seen from Fig. 1 blue 

lines, all the diffraction peaks for the Zn0.10Cd0.90S (Fig. 1a blue line), 

Zn0.09Cd0.90Cu0.01S (Fig. 1b blue line) and Zn0.09Cd0.90Mn0.01S (Fig. 1c blue line) NCs 

can be well indexed as the hexagonal wurtzite phase structure, which are consistent with 

the standard card (JCPDS No. 41-1049). Unlike the earlier reports 26-27, we observe the 

transformation from the wurtzite ZnS (JCPDS No. 36-1450) to wurtzite CdS (JCPDS 

No. 41-1049) by changing the ratio of the Cd2+ ions easily, and the conversion of the 

ZnS to CdS takes place as the Cd2+ doped ratio increased to 30% (Fig. 1 green line). The 

values in electronegativity of Cd (1.69) and Zn (1.65) are very close, which is favorable 

to form a solid solution alloy 26. After doping the Cd2+/Cu2+/Mn2+ ions into the ZnS NCs, 

there is no extra diffraction peak from the doped ions observed for all the samples in Fig. 

1, suggesting that the Cd2+/Cu2+/Mn2+ ions are incorporated into the ZnS lattice. It is 

worth to note that the intensity of the diffraction peaks from 24° to 32° for the 

Zn0.70Cd0.30S (Fig. 1a green line), Zn0.69Cd0.30Cu0.01S (Fig. 1b green line) and 

Zn0.69Cd0.30Mn0.01S (Fig. 1c green line) NCs are different. As the Cd2+ doped ratio 

increased, the relative intensity ratio of the (002) diffraction peak with respect to the 

(100) and (101) diffraction peak for the Zn0.10Cd0.90S (Fig. 1a blue line) and 

Zn0.09Cd0.90Mn0.01S NCs (Fig. 1c blue line) is larger than that of the Zn0.09Cd0.90Cu0.01S 
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NCs (Fig. 1b blue line). So, the doping element (the Cu2+ and Mn2+ ions in this paper) 

would have an important effect on the growth of the different lattice plane.  

The detailed microstructures of the prepared samples are characterized using 

transmission electron microscopy. Figs. 2a-b show the TEM images of the Zn0.70Cd0.30S 

NRs. It can be seen that they are all straight and have a smooth surface without any 

nanoparticle impurities. Their diameter is in the range of 8-18 nm (average 13 nm). The 

HRTEM images and fast Fourier transform (FFT) electron diffraction pattern (Figs. 

2c-d) show a highly crystalline NRs grown along the (002) direction. The stacking 

faults along the (002) direction can also be observed in Fig. 2d (yellow arrow), which 

may be caused by the substitution reaction. The measured (001) lattice distances of the 

Zn0.70Cd0.30S alloy NRs are separated by a distance of about 6.5 Å, which are smaller 

than the (001) d-spacing values of the wurtzite CdS (6.7 Å), but larger than those of the 

wurtzite ZnS (6.2 Å). This suggests that the Zn0.70Cd0.30S alloy NRs have been 

constructed homogeneously. 

Figure 3 show the TEM, HRTEM, FFT and IFFT images of the Zn0.10Cd0.90S NRs. 

The TEM images (Figs. 3a-b) reveal that their width is in the range of 17-30 nm, with 

an average value of 23 nm. The average width is about 2 times larger than that of the 

Zn0.70Cd0.30S NRs (13 nm). It is worth to note that the NRs show rippled surfaces 

(shown by black arrows in Figs. 3a-b). The displayed clear lattice spacing of 3.4 Å (Fig. 

3c) is close to that of the wurtzite CdS (002) plane 28. The FFT electron diffraction 

pattern (see inset image of Fig. 3c) generated from the inversion of the HRTEM image 

(Fig. 3c) demonstrate that the growth direction of the NRs is (002), a preferential 

growth direction. The HRTEM images (Figs. 3d-e) of the rippled area (shown by black 

arrows in Figs. 3a-b) exhibit several dislocations and lattice disorders including 

non-periodic twining and stacking faults along the axial direction of the NRs 29. The 
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FFT electron diffraction pattern has been shown in the inset. Elongation of the FFT 

spots along the growth axis indicates the presence of defects. The defect structure can 

also be clearly seen in the IFFT image (Fig. 3f). 

Figure 4a-b show the TEM and HRTEM images of the Zn0.69Cd0.30Cu0.01S NRs. The 

TEM image (Fig. 4a) shows that these NRs are smooth and uniform over their entire 

lengths and the diameter is in the range of 6-11 nm (average 9 nm), which is smaller 

than that of the Zn0.70Cd0.30S NRs (average 13 nm) (Figs. 2a-b). The growth direction of 

the Zn0.69Cd0.30Cu0.01S NRs is perpendicular to the lattice fringes and the d spacing of 

the (002) plane is about 3.1 Å (Fig. 4b), which is close to the lattice spacing of the 

wurtzite ZnS (002) plane 27. Its corresponding FFT electron diffraction pattern (see inset 

image of Fig. 4b) generated from the inversion of the HRTEM image (Fig. 4b) further 

confirms that it has the growth direction of (002). Figs. 4c-f show the TEM, HRTEM 

and FFT images of the Zn0.09Cd0.90Cu0.01S NRs. The TEM images of the 

Zn0.09Cd0.90Cu0.01S NRs (Figs. 4c-d) show an apparent contrast between the inner core 

and the outer shell, which suggest the existence of a coaxial core-shell structure. The 

diameter of the core is in the range of 56-84 nm, the shell layer is in the range of 10-16 

nm thick. The HRTEM images (Figs. 4e-f) also exhibit the core-shell feature of the 

coaxial nanocomposites. Its corresponding FFT electron diffraction pattern (see inset 

image of Fig. 4e) generated from the inversion of the HRTEM image (Fig. 4e) further 

confirms that the coaxial nanocomposites also have the growth direction of (002). The 

shell has an interlayer spacing of 3.1 Å, which agrees well with the lattice spacing of the 

(002) planes of the wurtzite ZnS (d(002)= 3.12 Å for bulk wurtzite ZnS); the core 

displays an interlayer spacing of 3.4 Å, which is in agreement with the lattice spacing of 

the (002) planes of the wurtzite CdS (d(002)= 3.36 Å for bulk wurtzite CdS). The 

closeness of the two lattice spacing enabled the growth of the coaxial ZnS shell on the 
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CdS core NRs via a minor atomic-level surface reconstruction 30. The detailed 

compositional analysis of the Zn0.09Cd0.90Cu0.01S NRs is further performed using EDS in 

a scanning TEM (STEM), which illustrates the actual distribution of Cd, Zn and S, 

respectively. Fig. 4g shows a bright-field TEM image of the single Zn0.09Cd0.90Cu0.01S 

nanorod, which reveals a clear core-shell structure. The Cd, Zn and S elemental 

mapping from this nanorod (Figs. 4h-j) demonstrate that the Cd elements are 

concentrated only at the core region while the Zn and S signals disperse at the entire 

nanorod, which again confirms the core-shell configuration with a thin ZnS sheath. 

Figure 5 show the TEM, HRTEM and FFT images of the Zn0.69Cd0.30Mn0.01S NRs 

(Figs. 5a,c,d) and Zn0.09Cd0.90Mn0.01S NRs (Figs. 5b,e,f). The TEM images (Figs. 5a-b) 

show that the average diameter of the Zn0.69Cd0.30Mn0.01S and Zn0.09Cd0.90Mn0.01S NRs 

is 8 and 62 nm, respectively. The HRTEM images of the Zn0.69Cd0.30Mn0.01S NRs (Figs. 

5c-d) and Zn0.09Cd0.90Mn0.01S NRs (Figs. 5e-f) show a highly crystalline NRs grown 

along the (002) direction. The FFT image (see inset image of Fig. 5c) further proves that 

the Zn0.69Cd0.30Mn0.01S NRs grow along the (002) axis, which is in agreement with the 

XRD analysis. For the Zn0.69Cd0.30Mn0.01S NRs, the (001) fringes are separated by a 

distance of about 6.4 Å, which is smaller than that of the CdS (6.7 Å), and larger than 

that of the ZnS (6.2 Å), demonstrating that the Zn0.69Cd0.30Mn0.01S NRs is the 

homogeneous solid solution. For the Zn0.09Cd0.90Mn0.01S NRs, the (100) fringes are 

separated by a distance of about 3.6 Å, which is close to that of the CdS crystal.  

To investigate the surface information of the prepared samples, X-ray photoelectron 

(XPS) analysis was carried out. Fig. 6 show the XPS survey spectra of the Zn0.70Cd0.30S, 

Zn0.69Cd0.30Cu0.01S and Zn0.69Cd0.30Mn0.01S NRs (Fig. 6a), the high-resolution binding 

energy spectra for Zn, Cd and S species (Figs. 6b-d), respectively. The presence of the 

carbon and oxygen in the survey spectrum (Fig. 6a) is due to the carbon tape used for 
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the measurement and the adsorbed gaseous molecules such as O2, CO2 and H2O, 

respectively 31. As shown in Fig. 6b, the high-resolution XPS spectrum of the Zn 2p3/2 

peak in Zn0.70Cd0.30S (Fig. 6b red line) and Zn0.69Cd0.30Cu0.01S (Fig. 6b green line) NRs 

shows the peak at 1023.1 and 1022.0 eV, corresponding to the Zn 2p3/2 peak of ZnSO4 

32 and ZnS 33, respectively. The asymmetrical high-resolution XPS spectrum of the Zn 

2p3/2 peaks in Zn0.69Cd0.30Mn0.01S NRs (Fig. 6b blue line) shows two peaks, of which 

the peak at 1020.8 and 1023.1 eV correspond to the Zn 2p3/2 peak of Zn 34 and ZnSO4 

32, respectively. Since that the local environment around the Zn2+ ions would be 

different due to the substitution of the Cd2+, Cu2+ or Mn2+ ions in place of the Zn2+ ions 

in ZnS lattice. The high-resolution XPS spectra of the Cd 3d5/2 peak in Zn0.70Cd0.30S 

(Fig. 6c red line) and Zn0.69Cd0.30Cu0.01S (Fig. 6c green line) NRs show two peaks. For 

the Zn0.70Cd0.30S NRs (Fig. 6c red line), the peaks centered at 404.6 and 406.2 eV 

correspond to the Cd 3d5/2 peak of CdO 35 and Cd(NO3)2 
36, respectively, 

demonstrating that the Cd bond to the oxygen (i.e. Cd-O) at dangling bonds or defects. 

For the Zn0.69Cd0.30Cu0.01S NRs (Fig. 6c green line), the peaks centered at 403.6 and 

405.3 eV correspond to the Cd 3d5/2 peak of CdO2 
37 and CdS 38, respectively. For the 

Zn0.69Cd0.30Mn0.01S NRs (Fig. 6c blue line), the peak centered at 404.9 eV corresponds 

to the Cd 3d5/2 peak of CdS 28, which is smaller than that for the Zn0.69Cd0.30Cu0.01S 

NRs (405.3 eV). The electronegativity (χ) of the Mn (χp=1.55) is smaller than that of the 

Cu (χp=1.9). Doping of the less electronegative dopant Mn would reduce the binding 

energy of Cd 39. The high-resolution binding energy spectra of the S 2p peak for the 

Zn0.70Cd0.30S (red line) and Zn0.69Cd0.30Cu0.01S (green line) NRs (Fig. 6d) can be 

decomposed into two Gaussian peaks. The peak centered at 162.2, 162.0 and 161.7 eV 

is coming from the S 2p peak of ZnS40-42. The peak centered at 161.1, 160.8 and 160.6 

eV is corresponding to the S 2p peak of CdS43, which is smaller than that of the pure 
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CdS (161.8 eV) 44. Since the radius of the Zn2+ and Cu2+ ions is so close, the bond 

length of the Zn-S and Cu-S is more or less the same. Whereas, the radius of the Cd2+ 

(0.97 Å) and Mn2+ (0.80 Å) ions is 30% and 8% larger than that of the Zn2+ (0.74 Å) 

ions. Thus, the variation of the coordination environments around the S2- ions would 

affect the position of the binding energy of S 2p, leading to the shift of the binding 

energy. The compositional analysis of the Zn0.69Cd0.30Cu0.01S and Zn0.69Cd0.30Mn0.01S 

NRs is performed by EDX, which can be seen in Figs. 6e-f. Only 0.8 at% Cu and 0.58 

at% Mn is detected for the Zn0.69Cd0.30Cu0.01S and Zn0.69Cd0.30Mn0.01S NRs, 

respectively. 

Figure 7 show the room temperature photoluminescence (PL) spectra of the 

Zn1-xCdxS (x=0.01, 0.05, 0.10, 0.30, 0.50, 0.70, 0.90) NRs. The PL spectrum of the 

Zn0.99Cd0.01S NRs (Fig. 7 red line) shows a broad blue-green emission band, coming 

from the defect states emission: S vacancy, Zn vacancy and surface states 45-46. The PL 

spectrum of the Zn0.10Cd0.90S NRs shows a strong green emission at 517 nm and a weak 

red emission at 650 nm. The green emission is attributed to the recombination of 

electrons and holes across the band edge 47. The red band is most likely due to the 

self-activated defect centers formed by the cadmium vacancy inside the lattice 48. As the 

Cd2+ doped ratio increased, the position of the emission peaks show a systematically red 

shift from Zn0.99Cd0.01S to Zn0.10Cd0.90S NRs, which provide clear evidence for the 

formation of the alloyed Zn1-xCdxS NRs via intermixing the wider bandgap of ZnS (3.68 

eV) with the narrower bandgap of CdS (2.44 eV), rather than forming separate ZnS, 

CdS or a core-shell structured nanocrystals 49.  

The PL spectra of the Zn0.99-xCdxCu0.01S and Zn0.99-xCdxMn0.01S NRs are dramatically 

different from that of the Zn1-xCdxS NRs, which can be seen in Fig. 8. For the 

Zn0.99-xCdxCu0.01S (x=0.05, 0.10) NRs (Fig. 8a red, green line), the PL spectra show a 
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broad emission band in the blue and green regions between 380 and 550 nm. The blue 

region peaks from 380 to 450 nm are attributed to the transition from the conduction 

band edge of ZnS to the surface states S and S vacancy 50. The green region peaks from 

500 to 550 nm are corresponding to the recombination from the shallow donor level 

(sulfur vacancy or interstitial S) to the t2 level of Cu2+ 51-52. For the Zn0.09Cd0.9Cu0.01S 

NRs (Fig. 8a dark yellow line), the strong green emission peak centered at 509.6 nm 

dominates the PL spectrum, which corresponds to the intrinsic near band edge (NBE) 

emission 53, and the weak red emission peak centered at 636 nm (see the inset figure in 

Fig. 8a) is coming from the extrinsic deep-level emission (DLE) (cadmium vacancy) 48. 

As the Cd2+ doped ratio increased from 30% to 90%, the intrinsic NBE emission peak 

intensity increases and the peak position has a 9 nm red-shift, while the extrinsic DLE 

peak almost has no change. This can be referred to the fact that the 

Zn0.99-xCdxCu0.01S/ZnS core-shell structure has formed when the Cd2+ doped ratio 

increased to 90%, which is in consistent with the TEM results (Figs. 4c-d). Since that 

the PL emission intensity would be affected by the surface effects, such as surface 

adsorption, existence of surface dangling bonds etc. The enhancement PL intensity of 

the Zn0.99-xCdxCu0.01S NRs is due to the fact that the higher band gap ZnS shell material 

would suppress the transferring of the charge carriers from the CdS to the surface states 

on the surface of CdS, so that exhibiting the significantly enhanced PL intensity of the 

green emission. In addition, the localized strain and interface effect would also influence 

the optical properties of the core-shell nanomaterials 54-55. Here, we suggest that the 

residual stress caused by the small lattice mismatch between ZnS and CdS contribute to 

the red-shift of the green emission. 

For the Zn0.99-xCdxMn0.01S NRs (Fig. 8b), only a strong yellow-orange emission peak 

centered at 583 nm can be observed, corresponding to the Mn2+ 4T1-
6A1 transition 56. 
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The TEM results (Fig. 5) show the highly crystalline NRs, so there is no defect related 

emission peak in Fig. 8b. Previously, Sooklal et al 57 studied the effect of the location of 

the Mn2+ ions on the photophysics of ZnS nanoparticles. They found that Mn2+ 

incorporation into the ZnS lattice lead to the orange emission while ZnS with 

surface-bound Mn2+ yielded the ultraviolet emission. According to Neto et al 58, the 

characteristic emission of the Mn2+ ions occurs only when the Mn dopant is 

incorporated in the CdS nanocrystals and it would be absent if the dopant is 

substitutionally incorporated near the surface of the nanocrystals. As a comparison with 

our own results, it can be suggested that the Mn2+ ions are incorporated into the NRs. 

By increasing the Cd2+ doped concentration, the PL intensity of the yellow-orange 

emission is obviously decreased and higher doping concentration results in a stronger 

quenching. The quenching of the intensity of the yellow orange emission may be 

attributed to the enhancement of the nonradiative recombination process caused by 

more defect centers emerged by the increased concentration of the Cd2+ ions. 

Conclusions 

In this paper, the Zn1-xCdxS, coaxial Zn0.99-xCdxCu0.01S/ZnS and Zn0.99-xCdxMn0.01S 

NRs were fabricated successfully by a one-step hydrothermal method. The composition 

of the alloyed NRs was adjusted by controlling the Zn/Cd molar ratios. All of the 

samples had a good crystallinity with the typical wurzite structure. The Zn/Cd molar 

ratios and Cu/Mn doping played an important role in affecting the morphologies and 

optical properties of the alloyed NRs. The formation of the solid solution had been 

proved by the XRD and PL results. After doping Cu2+ (1%) ions into the Zn0.1Cd0.9S 

NRs, the samples exhibited a highly crystalline coaxial Zn0.99-xCdxCu0.01S/ZnS 

core-shell NRs and showed a strong green emission peak centered at 509.6 nm. After 
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doping Mn2+ (1%) ions into the Zn1-xCdxS NRs, the samples exhibited a better crystal 

quality and showed a strong yellow-orange emission peak centered at 583 nm.  
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Figure captions  

Figure 1. XRD patterns of (a) the Zn1-xCdxS NRs; (b) Zn0.99-xCdxCu0.01S NRs; (c) 

Zn0.99-xCdxMn0.01S NRs. 

Figure 2. (a) (b) TEM images of the Zn0.70Cd0.30S NRs; (c) HRTEM and FFT images of 

the Zn0.70Cd0.30S NRs; (d) the enlarged HRTEM image of the yellow region in (c). 

Figure 3. (a) (b) TEM images of the Zn0.10Cd0.90S NRs; (c) (d) HRTEM and FFT 

images of the Zn0.10Cd0.90S NRs; (e) the enlarged HRTEM and FFT images of the 

yellow region in (d); (f) the inverse fast Fourier transform (IFFT) image of the FFT 

image in (e). 

Figure 4. (a) (b) TEM, HRTEM and FFT images of the Zn0.69Cd0.30Cu0.01S NRs; (c) (d) 

TEM images of the Zn0.09Cd0.90Cu0.01S NRs; (e) (f) HRTEM and FFT images of the 

Zn0.09Cd0.90Cu0.01S NRs; (g) the bright-field TEM image of the single 

Zn0.09Cd0.90Cu0.01S nanorod; (h-j) The EDS elemental mappings for Cd, Zn and S of the 

Zn0.09Cd0.90Cu0.01S nanorod in (g). 

Figure 5. (a) (b) TEM images of the Zn0.69Cd0.30Mn0.01S and Zn0.09Cd0.90Mn0.01S NRs; 

(c) HRTEM and FFT images of the Zn0.69Cd0.30Mn0.01S NRs; (e) HRTEM image of the 

Zn0.09Cd0.90Mn0.01S NRs; (d) (f) the enlarged HRTEM images of the yellow region in (c) 

and (e). 

Figure 6. (a) XPS survey spectra of the Zn0.70Cd0.30S (red line), Zn0.69Cd0.30Cu0.01S 

(green line) and Zn0.69Cd0.30Mn0.01S (blue line) NRs; (b) (c) (d) High-resolution binding 

energy spectra of Zn 2p, Cd 3d and S 2p for the Zn0.70Cd0.30S (red line), 

Zn0.69Cd0.30Cu0.01S (green line) and Zn0.69Cd0.30Mn0.01S (blue line) NRs; (e) (f) EDX 

spectra of the Zn0.69Cd0.30Cu0.01S and Zn0.69Cd0.30Mn0.01S NRs.  

Figure 7. Room temperature PL spectra of the Zn1-xCdxS (x=0.01, 0.05, 0.10, 0.30, 0.50, 

0.70, 0.90) NRs.  

Page 19 of 29 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 20

Figure 8. Room temperature PL spectra of (a) the Zn0.99-xCdxCu0.01S NRs (x=0.05,  

0.10, 0.30, 0.50, 0.70, 0.90) NRs; (b) the Zn0.99-xCdxMn0.01S NRs (x=0.05, 0.10, 0.30,  

0.50, 0.70, 0.90) NRs. 
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Figure 1 
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Figure 2  
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Figure 3 
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Figure 6 
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Figure 7 
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Figure 8 
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